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ABSTRACT 
Statement of problem 
Different chemical formulations, pressing techniques and sintering protocols have been 
applied to manufacture zirconia-based ceramic core materials. Little is known about the 
effect of each one of those variables on the strength of Y-TZP material. Most of the 
previous studies compared the strength of different Y -TZP materials and the effects of 
sintering protocols, pressing techniques, aging, and surface treatment. The mechanical 
effects of the location within the Y-TZP block where the bar originates were not reported. 
V 
Objectives 
The aim of this study was to test the flexural strength of 9 different Y-TZP core ceramic 
materials and investigate the effect of chemical formulations, pressing techniques, and 
location within the block where the bar originated on the flexural strength. 
Materials and Methods 
Nine zirconia-based core ceramic materials were tested (Table 1). 12 different types of 
blocks were fabricated out of these 9 materials with different chemical formulations and 
pressing techniques. Two experimental blocks XU and XC were pressed and partially 
sintered at Boston University. The two experimental and 5 commercially available blocks 
K (Kavo ), I (Sirona), YZ (Vita), AU and AC (GC) were sectioned to fabricate bar-shaped 
specimens approximately 25x3x2 mm in dimensions after full sintering at Boston 
University. 5 groups of bars fabricated by Glidewell GCZl, GCZ2, GCZ3, GD and GL 
with 44x4x3 mm dimensions were received fully sintered, polished and had beveled 
edges. 
Processer Powder used Pressing technique 
GCZl Glidewell TZ-3Y-E (Tosoh) CIP 
GCZ2 Glidewell TZ-3YS-E (Tosoh) CIP 
GCZ3 Glidewell TZ-3YS-E (Tosoh) Uniaxial 
GD Glidewell HSY-3F (Daichi) CIP 
GL Glidewell Lava Do not know 
YZ Vita Vita CIP 
I Sirona Incoris Do not know 
K Kavo Kavo Uniaxial 
AU GC Aadva Uniaxial 
AC GC Aadva CIP 
XU Boston University TZ-3YSB-E (Tosoh) Uniaxial 
XC Boston University TZ-3YSB-E (Tosoh) CIP 
Table 1.Different groups ofY-TZP zirconia core materials 
Vl 
A total of 421 bars were sectioned and divided into 12 groups. Each group consisted of 
n=6-72 bars. The flexural strength of the bars was determined using a 3-point bending 
test performed in a universal testing machine (lnstron Model 4202; Instron Co., Canton, 
MA) with a crosshead speed of 0.5 mm/min, equipped with a full-scale load cell of 10 
KN. Statistical analysis was performed using one way ANOV A and Tukey HSD test for 
multiple comparisons. Secondary SEM images of fracture sites and polished and 
thermally etched surfaces were also evaluated. EDS was performed to determine material 
composition. Fracture patterns were analyzed and interpreted. 
Results 
For the different Y-TZP materials, the results of the ANOV A test revealed statistically 
significant difference in strength among the groups (P<0.05). Borderline significant 
difference was found among the comer and center regions of the block. No significant 
difference was found between the uniaxial and CIP pressing. 
Conclusion 
There is a difference in mean flexural strength among the tested materials with different 
chemical formulations and among locations within the same block. Pressing techniques 
had no significant effect on the flexural strength of Y-TZP material. 
vu 
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Introduction 
CAD/CAM systems mainly use zirconia based ceramics for framework fabrication. 
Many brands are available in the market such as Lava® system (3M ESPE), Kavo 
Everest® (Kavo Dental Excellent) and Cercon Ceramic® (Degussa Dent GmbH, 
Dentsply). These ceramic systems have improved mechanical properties and it is claimed 
that they are strong enough to produce single crowns as well as 3 to 4 unit bridges to 
replace missing teeth in the anterior and posterior areas of the mouth [l]. Because of the 
increased demand on the material, many are interested in improving the strength and 
most of all the reliability of the material. Different chemical formulations, pressing 
techniques and sintering protocols have been applied towards reaching this goal. 
Innovations in the Y-TZP material occurred on a faster pace than the published research. 
Mechanical properties and clinical investigation of these systems have not been widely 
studied in a similar manner it was done with porcelain fused to metal systems. 
Mechanical properties such as the flexural strength are essential parameters to be 
assessed to understand the clinical potential and limitations of dental ceramics [2]. 
Flexural strength is generally considered a meaningful and reliable method to assess the 
strength of brittle materials as they are much weaker in tension than compression [3, 4]. 
In addition, the strength reliability and variability of materials should be studied as the 
failure stresses of brittle materials are statistically distributed as a function of the flaw 
size distribution in the material [3]. A commonly used statistical method to study the 
strength reliability and variability is the Weibull analysis which was first developed by 
Weibull [5]. The main parameters involved are the Weibull modulus (m) and 
- 1 -
characteristic strength ( cr) [ 5]. A high Weibull modulus indicates greater structural 
reliability [3]. The reliability was considered to be resulting from flaws of different 
origins. Very few investigated the influence of chemical formulations, pressing 
techniques, and location within the block on the flexural strength value and reliability of 
Y-TZP material. This study will concentrate on those topics combining them into : one 
project that will eliminate factors that might be incorrectly identified for the weakening 
of the Y -TZP material. 
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Literature review 
Y-TZP material is composed of tetragonal crystalline particles free of any glassy phase 
at the crystallite border [ 6]. These particles are densely sintered with minimal voids, 
flaws, and cracks [7]. Zirconia is a polymorphic material that exists in three allotropes: 
monoclinic , tetragonal , and cubic. It can be transformed from one crystalline phase to 
another during firing. Pure zirconia is monoclinic at room temperature which is stable up 
to l l 70°C. Above this temperature , it transforms into the tetragonal phase and then into 
the cubic phase at 2370°C, which exists up to its melting point of 2680°C [8]. Alloying 
zirconia with stabilizing oxides like Y 20 3 allows the retention of the tetragonal structure 
at room temperature and therefore the control of the stress-induced tetragonal-to-
monoclinic transformation , efficiently arresting crack propagation and leading to high 
toughness [l][ 9][10]. This phenomenon is known as transformation toughening whereby 
the normally tetragonal zirconia crystals undergo ,lattice reorganization , when 
mechanically stressed, to change into a monoclinic form. The reverse tetragonal-to-
monoclinic transformation can also be initiated by stress around a crack tip, with 
volumetric expansion [11 ]. This transformation is beneficial because it can result in 
partial closure of a crack (transformation toughening) [12] [13]. In the stress field of 
propagating cracks the matrix pressure on tetragonal particles of Y-TZP is reduced by 
tensile stresses and a tetragonal (t)-to-monoclinic (m) phase transformation occurs by 
diffusion-less shear process at near sonic velocities , similar to those of the martensite 
formatmn m qu~nch~d t~~l [14][1 ] Th~ r~~ulting olum~ @ pan mn (3-5%) and th 
shear stresses formed in the particles affect martensitic transformation and pressure 
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tensions on the matrix , opposing the opening of the crack and increasing the energy 
necessary for further crack growth [14][16][17]. Due to these properties, as-sintered Y-
TZP showed a mean flexural strength of900-1000 MPa and a Weibull modulus m = 10.7 
to 14.9 [15]. 
Statistical analysis is important when interpreting strength data because ceramics have a 
wide variability in failure strengths that is related to flaws incorporated when the 
specimens are processed [18]. By solely investigating the mean flexural strength, 
properties of ceramics cannot be characterized accurately [18]. Strength is more of a 
"conditional" than an inherent material property, and strength data alone cannot be 
directly extrapolated to predict structural performance. Strength data are meaningful [19] 
when placed into context via knowledge of material microstructure, processing history, 
testing methodology , testing environment and failure mechanisms. The variability of 
strength was considered by estimating the Weibull modulus m, which is related to the 
flaw size distribution [20]. Weibull analysis has been reported to relate to the probability 
of failure [20]. Low m values correspond to wide flaw-size distributions [18] [20]. In 
contrast, large values for the Weibull modulus could indicate fewer critical flaws, that the 
distribution of the flaw sizes was narrow, or that the flaws were located in areas of less 
stress, and perhaps representing a smaller error in strength judgment. The population 
distribution narrows rapidly as the value of m increases and materials with a high Weibull 
modulus are thought of as being more reliable , since there is less scatter in the 
measurements. The scaling parameter , (a) is called the characteristic value and at x= a 
the population is divided into 63.2% below and 36.8% above a for all values ofm. 
-4-
The mechanical properties of Y-TZP strongly depend on its grain size [21], [22], [23]. 
Above a critical grain size, Y-TZP is less stable and more susceptible to spontaneous 
tetragonal to monoclinic transformation whereas smaller grain size ( <1 µm) is associated 
with a lower transformation rate [8]. Moreover, below a certain grain size (0.2µm), the 
transformation is not possible, leading to reduced fracture toughness [9]. The sintering 
conditions have a strong impact on both stability and mechanical properties of the final 
product as they dictate the grain size [10]. The grain size and the fraction of the cubic 
phase in Y-TZP increased as the sintering temperature and time increased [7][11][12]. 
The Y 20 3 concentration within the tetragonal phase decreased as the sintering 
temperature increased. Currently Y-TZP for soft machining of dental restorations utilizes 
final sintering temperatures varying between 1350°C and 1550°C depending on the 
manufacturer. 
Different techniques have been described and used to press Y -TZP blocks. These 
different techniques and the different pressure applied might have an effect on the 
strength of the blocks. In some cases, the same brand of zirconia blocks might have been 
pressed in different manners depending on the pressing company used. The several steps 
in the manufacturing process must be carefully and accurately controlled. Adequate tests 
must be conducted to substantiate material reliability. Although all Y-TZP powders are 
chemically similar, once processed they can exhibit very different mechanical and optical 
characteristics. The procedural steps, from powder to final dental restoration, are of key 
importance. The physical properties of Y-TZP can change with each processing step, and 
the cumulative effect then controls the final properties , such as strength, translucency , 
color, and long-term stability. Differences in pressing techniques and conditions (e.g. 
- 5 -
isostatic, uniaxial), milling conditions (wet or dry), and final sintering (temperature cycle 
and final high temperature of sintering) can contribute to differences in the final strength 
of the dental restoration [20]. 
Dental restorations are processed either by machining of soft partially sintered blanks 
followed by sintering at high temperature, or by machining of hard fully sintered blocks 
[ 4]. The soft machining process prevents the stress-induced transformation from 
tetragonal to monoclinic and leads to a final surface virtually free of the monoclinic phase 
unless grinding adjustments are needed or sandblasting is performed after sintering. Most 
manufacturers of Y-TZP blocks for dental applications recommend not grinding or 
sandblasting to avoid the t ➔ m transformation and the formation of surface flaws. That 
could be detrimental to the long-term performance, despite the apparent increase in 
strength due to the transformation-induced compressive stresses. 
Different hypotheses have been stated to explain the differences in flexural strength, and 
reliability between Y-TZP materials: 
1) Pressing techniques : 
• Uniaxial pressing plus isostatic pressing. 
• Uniaxial pressing. 
• Extrusion. 
• Biaxial pressing. 
• Biaxial pressing plus isostatic pressing. 
- 6 -
2) Sintering techniques and machining with or without water: 
• Machining fully sintered blocks with or without water. 
• Machining pre-sintered blocks with or without water. 
3) Powder characteristics: 
• Grain size of the zirconia particles ( high sintering temperature - low sintering 
temperature ) 
• Addition of minor components such as alumina. (Alumina is added to stabilize the 
tetragonal phase) 
• Binder. 
4) Defects: 
• Checking for surface defects in the block before and after testing. 
• Porosities at the fracture surface. 
- 7 -
Objectives 
The aim of the study was to test the following: 
1) Flexural strength of 12 different Y-TZP materials, 2 experimental processed at 
Boston University School of Dental Medicine, 5 commercially available and 5 
experimental processed by Glidewell laboratories. 
2) Evaluate the effect of the different locations in the Y-TZP block on the flexural 
strength. 
3) Evaluate the effect of pressing techniques on the flexural strength of Y-TZP core 
ceramic material. 
Null Hypotheses: 
1) There is no significant difference in the flexural strength among the different 
chemical formulations of zirconia materials. 
2) There is no significant difference among the flexural strength of bars extracted 
from the center of the blocks and bars extracted from the periphery and comers of 
the blocks. 
3) There is no significant difference among the flexural strength of bars uniaxially 
and cold isostaticly pressed. 
- 8 -
Materials and Methods 
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1) Materials and composition 
12 different groups of Y-TZP materials used for fabrication of dental restorations were 
tested in this study (Table 2). 
Group Material (Processer) Pressing Surface Comer 
Techniques Polish Beveling 
GCZl TZ-3Y-E (Glidewell) CIP 800 grit Yes 
GCZ2 TZ-3YS-E (Glidewell) CIP 800 grit Yes 
GCZ3 TZ-3YS-E (Glidewell) Uniaxially 800 grit Yes 
GD HSY-3F ,Daichi (Glidewell) CIP 800 grit Yes 
GL Lava, 3M, ESPE (Glidewell) Not known 800 grit Yes 
YZ YZ-40/15 (Vita) Uniaxially As sintered No 
I Incoris ZL 40/19 (Sirona) Not known As sintered No 
K Everest B42/16 (Kavo) CIP As sintered No 
AU Aadva (GC) Uniaxially As sintered No 
AC Aadva (GC) CIP As sintered No 
XU Tosoh TZ-3YSB-E Uniaxially As sintered No 
(Boston University) 
XC Tosoh TZ-3 YSB-E CIP As sintered No 
(Boston University) 
Table 2.The different groups ofY-TZP zirconia core materials with different surface treatment 
a) 2 experimental generic blocks (pressed and pre-sintered at Boston University School of 
Dental Medicine biomaterial laboratory) were used in this study. 
• XU ,uniaxially pressed with Tosoh TZ-3YSB-E powder 
• XC ,CIP (Cold Isostatically Pressed) with Tosoh TZ-3YSB-E powder 
b) 5 different commercially available partially sintered Y-TZP blocks were used as 
provided by the manufacturers 
• YZ 40/15, (Vita) uniaxially pressed 
• Incoris ZL 40/19 FCl, (SIRONA) 
• Everest B 42/16, (KA VO), CIP (Cold Isostatically Pressed) 
• Aadva (GC), uniaxially pressed 
• Aadva (GC), CIP (Cold Isostatically Pressed) 
c) Glidewell laboratories were involved in the manufacturing process of 5 groups of bars 
made of 4 different commercially available Y-TZP powders. 
G CZ 1: Prismatik CZ XT 1 (made with isopressed TZ-3Y-E powder/ Glidewell) 
G CZ 2: Prismatik CZ XT2 (made with isopressed TZ-3YS-E powder/ Glidewell) 
G CZ 3: Prismatik CZ XT3 (made with non-isopressed TZ-3YS-E powder/ Glidewell) 
GD: Made with isopressed zirconia composite oxide powder/Daichi 
G L: Lava Y-TZP (3M, ESPE) 
- 11 -
3 variables were investigated: 
1) Different Y-TZP materials chemical formulations 
2) Bars originating from 3 different locations within the block 
• Center 
• Periphery 
• Corner 
3) Techniques for pressing the zirconia material 
• Uniaxial pressing 
• Cold isostatical pressing or CIP 
a) XU andXC: 
These blocks were manufactured at Boston University using Tosoh zirconia powder TZ-
3YSB-E. 
S in the Tosoh formulation stands for the smaller surface area of approximately 7±2 
(m2/g) that contributes to a smooth flow for the compound of slurry in injection molding, 
tape casting and other molding methods. 
B stands for the binder added powder suitable for use in mechanical pressing and CIP. It 
contributes to reduce operating costs by eliminating the binder addition and spray drying 
steps in the user's process. 
- 12 -
E signals the presence of alumina (AhO3). 
b) YZ, K, I, AU, AC: 
Provided by the manufacturers with the following composition as published by the 
manufacturers 
• YZ (VITA Bad Sackingen, Germany) 
Zirconium dioxide (ZrO 2) 
Yttrium oxide (Y2O3) 5 wt% 
Hafnium oxide (HfO2) < 3 wt% 
Aluminium oxide (AhO3) and silicon dioxide (SiO2) < 1 wt% 
• Incoris (Sirona Dental systems LLC, Charlotte NC, USA) 
Other oxides< 0.5 % 
• Everest (K 10 D t 1. Bib 
Zirconium oxide (79 - 97) % ZrO2 
Yttrium oxide (3 - 14) % Y2O3 
Hafnium oxide < 5 % HfO2 
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Aluminium oxide < 0.5% Al2O3 
• Aadva (GC) Uniaxially pressed 
• Aadva (GC) Cold isostatically pressed 
c) GCZl, GCZ2, GCZ3, GD and GL: 
Glidewell laboratories used commercially available Y-TZP powders to produce their 
experimental groups: 
• Low calcined TZ-3Y-E grade (Tosoh, Tokyo, Japan) with a higher specific area 
(16m2/g). 
• High calcined TZ-3YS-E grade, with lower specific surface area (7m2/g). 
Both powders TZ-3Y-E and TZ-3YS-E are of the same nominal chemical composition, 
containing 3 mol¾ Y 20 3 in the solid solution. Due to its higher sinter-activity, the TZ-
3Y-E powder compacts densify at lower temperatures resulting in finer microstructure, 
whereas higher sintering temperatures are needed to reach a nearly theoretical 1005 
density of the TZ-3 YS-E powder compacts, resulting in coarser microstructure. Both 
powder grades were ready-to-press granulates not containing any acrylic binder. The idea 
behind it is that the acrylic binder might be contaminating the material, eliminating the 
binder might reduce structural flaws in the material. 
• Zirconia composite oxide (ZrO2 + HfO2 = 94.2 ± 0.2, Y2O3 = 5.4 ± 0.2, AhO3 = 
0.3SiO2= 0.15, Fe2O3= 0.01, TiO2= 0.15, Na2O = 0.05, CaO = 0.05, H2O = 0.5) 
with an average particle size of 1 µm and a specific surface area of 7m2/ g. 
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• Lava, 3M, ESPE 
2) Sample preparation: 
a) The XU ( Experimental group Uniaxially pressed at Boston University) blocks were 
fabricated by uniaxially pressing 25 g of Tosoh zirconia powder TZ-3YSB-E in a metal 
rectangular mold (41.5x15.5x14.5 mm) at a load of 3175 Kg to reach a density of 
approximately 2.75g/cm 3 prior to sintering. 
The XC ( Experimental group Cold isostatically pressed at Boston University) blocks 
were fabricated by uniaxially pressing 25 g of Tosoh Zirconia powder TZ-3 YSB-E in a 
metal rectangular mold (41.5x15.5x14.5 mm) at a load of 907 Kg to reach a density of 
approximately 2.75g/cm 3 prior to sintering. These blocks were sealed in a vacuumed 
plastic bag (Figure 1) and placed into the isopress. Pressing was at 15 Ksi = 15000 psi. 
(Figure 2) 
Figure 1. Y-TZP block in vacuumed and sealed plastic bag 
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Figure 2. Operating ISO pressing machine 
Blocks from the two groups were pre-sintered using the following schedule (0➔700°C at 
2.5 °C/min, hold for one hour at 700°C, 700°C➔ 1090°C at 5°C/min, hold for two hours at 
1090°C, then bring to room temperature).The oven used was Vulcan -Ney model 3-550 
(Degussa, Dusseldorf) ( figure 3) 
Figure 3. Vulcan-Ney furnace used for partial sintering 
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Figure 4. XU Partially sintered Y-TZP block 
The resulting blocks had approximate dimensions of 40x14x13.5mm and a density of 
3.05g/cm3 (Figure 4). These blanks were glued to metal studs so they could be mounted 
on an Isomet saw (Isomet 2000 precision saw Buehler; Buehler Ltd, Lake Bluff, Ill). 
Using a diamond disc under water spray at low speed (200 RPM), each block was 
longitudinally sectioned into bars of 37x4.75x3mm prior to full sintering. The disc used 
in this process was series # 15 low concentration diamond wafering blade, ( catalog # 11-
4276; Buehler Ltd) with a 6-in diameter and 0.5-mm thickness, rotating at speed of 200 
rpm and with a 100-gram load. 
After the longitudinal cuts and prior to the transverse cut, the bars were color coded based 
on their location in the blocks (Figure 5). 
Black: Comer 
Blue: Periphery 
Red: Center 
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Figure 5. Isomet saw and diamond blade 
b) The YZ (Vita), Incoris (Sirona), Everest (Kavo), Aadva uniaxial and Aadva CIP (GC) 
blocks were ready to be cut without any additional preparation. 
c) The Glidewell bars were received ready to be tested. Blocks were partially sintered 
before being cut. Bars with 3.75x5.lx56.5 mm dimension were cut from each block and 
their comers were beveled. The resulting bars with dimensions 3x4x45mm were fully 
sintered before being polished with 800 grit diamond disc for surface uniformity by T.Q 
Abrasive machining Santa Ana, CA (Figure 6). 
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Figure 6. Fully sintered, polished and beveled Glidewell Y-TZP bars 
Bars were sintered to full density in specific furnaces according to the manufacturer's 
recommendation: 
a) ZYrcomat furnace was used for YZ 40/15 [YZ] (Vita), Incoris ZL 40/19 FCl [I] 
(Sirona), TZ-3YSB-E experimental group uniaxially pressed [XU] and Cold 
isostatically pressed [XC] (Boston University) (Figure 7). 
b) Tube furnace was used for Everest B 42/16 [K] (Kavo ), Aadva uniaxially pressed 
[AU] and Cold isostatically pressed [AC] (Aadva) (Figure 8) 
The resultant bars after almost 20 % shrinkage had approximate dimensions of 
25x3x2mm. 
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Figure 7. ZYrcomat furnace 
Figure 8. Tube furnace 
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.. 
a) Sintering ofYZ, I, XU and XC in ZYrcomat furnace 
The high temperature furnace ZY rcomat was used according to the manufacturer's 
setting. The partially sintered bars were placed into the sintering bowl (VITA art. No. 
E38002)(Figure 9). The entire surface of the bar was supported by the firing support to 
avoid deformation. The sintering bowl was placed in the center of the firing tray and 
covered with sintering containers. "Two-storied" sintering by stacking the containers was 
possible. The sintering program ran automatically; the duration of the program run was 
approximately 7.5 hours including the cooling phase to 200°C . 
Figure 9. Y -TZP bars positioned on beads inside the sintering bowl 
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b) Sintering of K in tube furnace 
Tube furnace was used following the manufacturer ' s protocol for full sintering. 
Room temperature ➔ 400 °C, 2 hours holding at 400 °C 
400 °C ➔ 800°C, 4 °C/min 
800°C ➔ 1300°C, 2°C/min 
1300°C ➔ 1450°C, 1 °C/min , 2 hours holding at 1450°C 
1450°C ➔ 900°C, 3°C/min , 1 hour holding at 900°C 
900°C ➔ 700 °C, 3 °C/min 
700°C ➔ 0°C, 20°C/min 
Sintering of AU and AC in tube furnace 
Tube oven was used following the manufacturer ' s protocol for full sintering .. 
0 ➔ 1550°C, 12°C/min , 2 hours holding at 1550°C. 
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A total of 421 bars were sectioned and divided into 12 groups.7 groups (YZ, K, I, AU, 
AC, XU, XC) were divided according to the origin of the bar in the block (Center, 
Periphery and Corner).Each subgroup consisted of n=3-14 bars. 
3) Warping 
Bars were observed after full sintering for any warping before the flexural strength 
testing. 
4) Three point flexural strength testing 
Each sample was subjected to a flexural strength testing method using a 20 mm or 40mm 
span, three point bending test on an Instron universal testing machine (Instron corp. 
Canton, MA) with a 10/KN capacity load cell at a crosshead speed of 0.5mm/min. The 
bars prepared by Glidewell were tested on a 40 mm span. Bars were mounted on a three 
point bending test jig (Figure 10). As the bars failed the machine determined the load at 
failure. The width and height of the fracture site of the bars were measured using a 
micrometer (Model No. CD-4"CS; Mitutoyo Corp., Japan), and the flexural strength was 
calculated using the following equation: 
M=3WI / 2bd2 
Where (M) is the flexural strength in N/mm 2 (1 N/mm 2 = 1 MPa) , (W) is the fracture load 
in N, (I) is the test span distance between supporting points in mm, (b) and ( d) are the 
width and depth of the specimen in mm, respectively. The results were recorded using 
series IX software (lnstron). 
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Figure 10. Y-TZP bar mounted on the Instron jig 
5) Fracture patterns 
After failure of the bars, the fracture patterns will be observed, described and compared 
to the previous studies. 
6) Energy dispersive x-ray analysis (EDS) 
EDS was performed to study the chemical composition of the materials after sintering. 
The surfaces of the specimens were cleaned with isopropyl alcohol (Henry Schein, 
Melville, NY) for 10 seconds. Same samples were used for grain size determination later 
on. EDS (Oxford Instruments Microanalysis Group, INCA version 3.03; Halifax Road, 
High Wycombe, UK) was performed in the SEM using an accelerating voltage of 25 kV, 
at a working distance of 12 mm. 
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7) Scanning Electron Microscopy (SEM) 
SEM micrographs of specimens were obtained using a Philips XL20 Scanning Electron 
Microscope apparatus (Philips Electronics, Eindhoven, NL) with accelerating voltage of 
15 kV. 
Three samples per group were prepared for fracture analysis; coming from bars that had 
high, medium and low flexural strength. The fractured tips from the broken bars were cut 
and attached to an aluminum stub (SPI supplies; West Chester, PA) with all-purpose glue 
(Instant Glue; Elmer's Products Inc, Columbus OH) with the fracture site facing upward. 
Then the sides of the specimens were silver painted and allowed to dry overnight. The 
specimens were sputter coated with gold/palladium using a sputter coater (Hummer II 
Technics, Alexandria, Virginia). The surface was examined for defects and fracture 
patterns. 
One sample per group was prepared for gram size determination by polishing and 
thermally etching its surface. All bars were ground and polished flat on one side with the 
Buehler polishing system (Ecomet 3; Buehler Ltd), starting with graded diamond grits 70, 
45 and 15 µm with water and continuing with 6-µm and 1-µm polycrystalline diamond 
suspension. The samples were thermally etched for an hour and a half at 1200°C. Then 
the sides of the specimens were silver painted and allowed to dry overnight. The 
specimens were sputter coated with gold using a sputter coater (Hummer II Technics, 
Alexandria, Virginia). The gold coating optically enhances surface features on translucent 
specimens, especially with oblique lighting, whereas the same features can appear flat in 
the SEM. 
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Results 
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1) The effect of chemical formulations on the flexural strength of Y-TZP material 
The means and standard deviations of the flexural strength for different zirconia 
materials are listed in Table 3. 
A graphic representation for Table 3 is available in Figure 11-12. 
Mean Flexural Standard 
Strength (MPa) Deviation 
GCZl 1264 145 
GCZ2 839.8 294 
GCZ3 1023.7 175 
GD 1132.4 200 
GL 846.5 177 
YZ 792.9 161 
I 700.5 93 
K 792.9 113 
AU 862.6 125 
AC 907.5 120 
XU 837.9 142 
XC 854.7 134 
Table 3.The means and standard deviations of the flexural strength for different zirconia materials 
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Figure I I .Mean flexural strength and standard deviations of the different chemical formulations of zirconia 
materials 
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Figure 12.Mean flexural strength and standard deviations of the different zirconia materials according to 
the different pressing technique* Blue (Uniaxially pressed) , Red (CIP), White (NIA) 
- 28 -
One way ANOVA was conducted at a = 0.05 to evaluate the null hypothesis of no 
significant difference in the measured flexural strength values of different chemical 
formulations of zirconia materials. Since we reject the null hypothesis in the global test, 
we know that there is a difference among the means but we still don't know which pairs 
are significantly different. The post-hoc multiple comparisons become necessary to 
determine the pairs that are significantly different. A summary of the results from the 
multiple comparisons are shown in Table 4. 
Weibull and normal distribution analysis were performed for all 12 groups (Table 5). 
When we look at the resulting curves we notice that the Weibull and Normal distribution 
curve are overlapping. Since the distribution of the data resembles a normal distribution 
Anova statistical analysis is the appropriate test to detect statistically significant 
differences. 
Tukey grouping of the mean flexural strength values in 
MPa 
Groups N 1 2 3 4 5 
I 73 700 
K 72 792 792 
YZ 40 792 792 
AU 41 838 838 
GCZ2 6 839 839 
GL 10 846 846 
XC 39 854 854 
AU 60 862 
AC 58 906 906 
GCZ3 9 1023 1023 
GD 6 1132 1132 
GCZl 9 1264 
Table 4. Materials grouped according to the significance of the difference among their flexural strength 
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Weibull distribution Normal distribution 
Weibull Characteristic Standard 
Groups modulus value deviation Mean 
GCZl 11.39 1324.48 144.83 1264.74 
GCZ2 3.51 936.27 294.35 839.85 
GCZ3 6.41 1096 174.99 1023.76 
GD 7.97 1208.55 199.84 1132.41 
GL 6.8 911.04 176.66 846.47 
YZ 6.31 852.02 161.07 792.87 
I 8.91 740.54 93.9 700.54 
K 8.25 840.01 113.13 792.88 
AU 8.93 913.4 125.21 862.63 
AC 8.43 957.8 119.68 906.49 
XU 6.1 898.5 140.41 838.82 
XC 7.1 911.84 134.11 854.69 
Table 5.Weibull and normal distribution of the different groups 
Warping of samples 
Most of the warping was observed in the comer areas (Figure 13). For the experimental 
groups XU and XC warping was observed for all the comer bars. While for the YZ 
comer bars one out of four warped. No warping was observed in the center bars. 
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Figure 13. Warped YZ bars from the corner area 
2) The effect of regions in a block on the flexural strength of Y-TZP materials 
The means and standard deviations of the flexural strength for different regions in the 
Y-TZP block regardless of the materials are graphically represented in Figure 14. 
A one-way analysis of variance ANOVA was conducted to evaluate significant 
differences in the measured flexural strength values among different locations within Y-
TZP blocks in general. The multiple comparisons show significant differences in the 
flexural strength between bars originating from the center and comer of the blocks. 
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Figure 14. Pooled data of mean flexural strength of all Y-TZP materials according to the regions in the 
block 
The means and the standard deviations of the flexural strength for different regions in a 
block for each specific Y-TZP material are listed in Table 6. A graphic representation of 
Table 6 is available in Figures 15, 16, 1 7, 18, 19, 20 and 21. 
- 32 -
Groups Mean(MPa) 
YZ center 790.93 ± 144 
YZ periphery 808.24 ± 147 
YZ comer 761.81 ± 205 
I center 700.49 ± 66 
I periphery 702.21 ± 109 
I comer 694.90 ±99 
K center 810.83 ± 89 
K periphery 781.85 ± 132 
Kcomer 783.13 ± 102 
AU center 883.51 ± 131 
AU periphery 850.99 ± 128 
AU comer 850.09 ± 135 
AC center 891.71 ± 90 
AC periphery 934.33 ± 134 
AC comer 850.09 ± 135 
XU center 929.67 ± 96 
XU periphery 847.28 ± 145 
XU comer 738.57 ± 108 
XC center 906.04 ± 120 
XC periphery 850.91 ± 143 
XC comer 777.49 ± 104 
Table 6.Means and standard deviations of the flexural strength of different Y-TZP materials for different 
regions in the block 
A one-way analysis of variance ANOVA was conducted to evaluate the null hypothesis 
of no significant difference in the measured flexural strength values among different 
locations within a specific Y-TZP material. Only XU group showed significant difference 
in the mean flexural strength among bars coming for the center and comer areas. 
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Figure 15. Mean flexural strength ofYZ zirconia according to the regions in the block 
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Figure 16. Mean flexural strength oflncoris zirconia according to the regions in the block 
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Figure 17. Mean flexural strength ofKavo zirconia according to the regions in the block 
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Figure 18. Mean flexural strength of AU zirconia according to the regions in the block 
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Figure 19.Mean flexural strength of AC zirconia according to the regions in the block 
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Figure 20. Mean flexural strength of XU zirconia according to the regions in the block 
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Figure 21. Mean flexural strength of XC zirconia according to the regions in the block 
3) The effect of pressing techniques on the flexural strength of Y-TZP materials 
The means and the standard deviations of the flexural strength for each pressmg 
technique are listed in Table 7. There are two pressing techniques, uniaxial or cold 
isostatically pressing. Two materials were pressed in both techniques. TZ-3YSB-E 
(Boston University) and Aadva (GC). A graphic representation of the mean flexural 
strength and standard deviations of AU, AC, XU and XC are available on (Figure 22). 
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Mean Flexural Standard Pressing 
Strength in(MPa) Deviation techniques 
GCZI 1264 145 CIP 
GCZ2 839.8 294 CIP 
GCZ3 1023.7 175 Split casting 
GD 1132.4 200 CIP 
GL 846.5 177 NIA 
YZ 792.9 161 Uniaxial 
I 700.5 93 NIA 
K 792.9 113 CIP 
AU 862.6 125 Uniaxial 
AC 907.5 120 CIP 
XU 837.9 142 Uniaxial 
XC 854.7 134 CIP 
Table 7.Means and standard deviations of the flexural strength ofY-TZP material for different pressing 
techniques 
A one way ANOVA analysis of variance was conducted to evaluate the null hypothesis 
of no difference in the mean flexural strength between Y-TZP materials uniaxially or 
cold isostatically pressed. There was no significant difference in the flexural strength 
between XU, XC, AU and AC. 
- 38 -
nJ 1100 iiii I: 
0 
&? 1000 
N 900 ~ 
N 800 
~l 700 
,sg 800 i .r: 500 a,_ 
= ·I 400 is 
ti) I 300 
l! 200 I 
cl 100 
I: 0 
m AU AC XU XC 
Figure 22. Mean flexural strength of same Y-TZP material pressed Uniaxially (Blue) and CIP (Red) 
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Fracture patterns 
Examination of the fracture patterns of the Y-TZP bars revealed four general patterns: 
1) Compression curl 
2) T shape , one location 
3) T shape, three locations 
a) Symmetric 
b) Asymmetric 
4) Straight 
1) "Compression curl" also known as cantilever curl, results from flexural stress. A 
crack starts and grows perpendicularly to the tensile surface of a specimen or 
component loaded in bending. As the crack grows, it approaches the compression 
side of the specimen, slows, and veers away (theoretically maintaining a 
perpendicular relationship to the tensile stress field), leaving a curved lip just before 
total fracture. Compression curls are common in failures of rectangular bars used for 
bend strength tests. They are often used to quickly determine the side that contains 
the initiating flaw [30]. Groups YZ, K, I, AU, AC, XU, XC in addition to some bars 
from the Glidewell groups, showed the compression curl fracture pattern (Figure 
25). 
2) The polished and beveled (Figure 40) groups fabricated by Glidewell exhibited 
different fracture patterns for the majority. The T shape fracture pattern in these 
groups (Figure 23, 24, 27, 28) was previously described by White [31]. White tested 
on a 40 mm span 3 point bend test to break identical bars except no beveled comers. 
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Since the flexural strength results found in White's study were modest compared to 
some of the Glidewell groups, this confirms that beveling the comers of the blocks 
has a favorable effect on the flexural strength of Y-TZP material. Some bars broke 
in one location (Figure 24,27) while others in three (Figure 23, 28). 
3) Within the T shape pattern, some bars broke in three locations. 
a) Some of them had the secondary points of fracture symmetrically located 
from the compression point (Figure 23). 
b) Others were located asymmetrically (Figure 28). 
The location of these break points did not coincide with the support areas of the Instron 
jig. The symmetrical multiple fracture patterns were correlated to bars that had flexural 
strength ranging from 1300 to 1400 MPa. The asymmetrical ones had flexural strength 
less than 1000 MPa. It was hypothesized that the great amount of energy stored inside the 
symmetrical bars while resisting the compression load resulted in an explosive failure and 
this pattern of fracture. Once the bar failed, sonic waves travel along the bar and cause 
breakage at other locations. For the asymmetrical pattern it was hypothesized that while 
travelling along the bar samples , waves of less velocity and strength hit defect areas 
located randomly within the bar and cause breakage. These same waves in defect free bar 
samples do not cause any breakage and facture patterns occur with one break location. 
4) Bars that broke straight (Figure 29), presented the same fracture pattern as the 
veneering ceramic bars in White's article and had flexural strength between 300-400 MPa 
within the refereed flexural strength of ceramics. Most of them had the break points not 
located at the level of the compression point, these had defects. The fact that breakage did 
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not happen at the mid point' makes the formulae applied by the machine to calculate the 
stress at failure wrong. Since the stress distribution on a rectangular bar is a symmetric 
curve whose maximum is at the level of the compression area and whose minimum is at 
the level of the resting areas of the jig. Recalculating the flexural strength of those bars 
would make the mean flexural strength of the whole group smaller. 
Figure 23. GCZ 1 T multi-location fracture pattern 
Figure 24. GCZ 2 T uni-location T fracture pattern 
Figure 25. GCZ 2 fracture pattern with compression curl 
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Figure 26. GCZ 3 fracture pattern 
Figure 27. GCZ 3 T fracture pattern 
Figure 28. GL Multilocation asymmetrical fracture pattern 
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Figure 29. GD Straight fracture pattern 
Energy dispersive x-ray analysis (EDS) 
No difference was found between the compositions of the different materials. All of the 
materials had Zr02 , Y 203, 02, Hf02 and Ah03 in very similar percentage of weight of the 
material. 
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Scanning Electron Microscopy 
Scanning electron microscopy was performed for the different groups. Looking at two 
features: 
• Fracture surface 
• Polished surface 
Crack initiation could be detected upon examination of some of the fracture surfaces 
(Figure 35). The mirror area, arrest line (Figure 35), mist and hackle were visible on 
several specimens. A graphic representation of the pattern of fracture in ceramic material 
is presented in Figure 30. 
On other SEM pictures, grain pull out was visible (Figure 43). 
The grain size was calculated using SEM of polished and thermally etched surface, 
according to the ASTM standard (El 12-96), using the linear intercept method. Grain size 
may be correlated with the overall strength of the groups. Since smaller grain size is 
correlated to stronger materials. Table 8 represents the Weibull modulus, grain size and 
mean flexural strength of the different materials. Looking at these polished surfaces we 
could locate defects that might have resulted from binder bum out or processing defects 
like in the Incoris (Figure 61) and Lava materials (Figure 56, 57, 58). These defect areas 
should be differentiated from the grain pullout areas (Figure 43, 60). Defects have 
irregular borders and their size is usually bigger than the average grain size. Defect areas 
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also show more depth inside of them that it would be unlikely to be the result of grain 
pull out (Figure 57, 58, 61). 
Flexural 
Weibull Grain size strength 
Material Modulus (µm) (MPa) 
GCZ2 3.51 0.32 839 
XU 6.1 0.42 837 
YZ 6.31 0.44 792 
GCZ3 6.41 0.32 1023 
GL 6.8 0.49 846 
XC 7.1 0.35 854 
GD 7.97 0.31 1132 
K 8.25 0.2 792 
AC 8.43 0.33 907 
I 8.91 0.35 700 
AU 8.93 0.33 862 
GCZl 11.39 0.34 1264 
Table 8. Weibull modulus, grain size and mean flexural strength of the different Y-TZP materials 
Figure 30. Graphic representation of the interpretation of a fracture surface in brittle ceramic materials 
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Figures 31 to 67. Illustrate the results of representative SEM photomicrographs . 
Figure 31. SEM of Fracture surface of GCZ2 at 268X 
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Figure 32. SEM of the fracture surface ofGCZ 1 at 132X 
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Figure 33. SEM of the fracture surface of GCZI at 491X 
Figure 34. SEM of the fracture surface ofGCZl at 2235X 
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Figure 35. SEM of the fracture surface ofGCZl at 24X 
Figure 36. SEM of the fracture surface of GCZl at 133X 
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Figure 3 7. SEM of the fracture surface of GCZ I at 13 7X 
Figure 38. SEM of fracture surface ofGCZ2 at 128X 
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Figure 39. SEM of the fracture surface ofGCZ3 at 135X 
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Figure 40. SEM of the fracture surface ofGCZl at 68X 
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Figure 41. SEM of the fracture surface of GCZ 1 at 560X 
Figure 42. SEM of the fracture surface ofGCZl at 493X 
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Figure 41. SEM of the fracture surface of GCZ 1 at 560X 
Figure 42. SEM of the fracture surface ofGCZl at 493X 
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Figure 43. SEM of the fracture surface ofGCZl at 894X 
Figure 44. SEM of the fracture surface ofGCZl at 4470X 
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Figure 45. SEM of the fracture surface ofGCZl at 8940X 
Figure 46. SEM of the fracture surface of a specimen contaminated by silver paint at 462X 
- 54 -
Figure 47. SEM of the fracture surface ofGCZl showing a crack at 8592X 
Figure 48. SEM ofthe fracture surface ofGCZ2 at 8031X 
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Figure 49. SEM of the fracture surface ofGCZ2 at 3930X 
Figure 50. SEM of the fracture surface ofGCZ3 at 4106X 
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Figure 51. SEM of polished and thermally etched GCZ 1 at 20000X 
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Figure 52. SEM of polished and thermally etched GCZ2 at 20000X 
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Figure 53. SEM of polished and thermally etched GCZ3 at 20000X 
Figure 54. SEM of polished and thermally etched GD at 20000X 
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Figure 55. SEM of polished and thermally etched GL at 20000X 
Figure 56. SEM of polished and thermally etched GL at 625X 
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Figure 57. SEM of polished and thermally etched GL at 1 0000X 
Figure 58. SEM of polished and thermally etched GL at 20000X 
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Figure 59. SEM of polished and thermally etched YZ sample at 20000X 
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Figure 60. SEM of polished and thermally etched Kavo sample at 20000X 
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Figure 61. SEM of polished and thermally etched Incoris sample at 20000X 
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Figure 62. SEM of polished and thermally etched Incoris sample at 20000X 
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Figure 63. SEM of polished and thermally etched AU sample at 20000X 
Figure 64. SEM of polished and thermally etched XU sample at 20000X 
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Figure 65. SEM of polished and thermally etched XC sample at 20000X 
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Discussion 
Different chemical formulations ( with or without binder), and pressing techniques 
(Uniaxially vs. Cold isostatically pressed) were used to fabricate the Y-TZP blocks in this 
study. Some argue the necessity of binder to press Y-TZP blocks while others (i.e. 
Glidewell laboratories) claim to develop techniques for pressing binder free powders. 
Within the materials partially or completely processed at Boston University, Incoris 
(Sirona) had a lower flexural strength. The lower flexural strength values for Incoris can 
be attributed to surface defects that were identified under the SEM analysis. Flaws in the 
manufacturing process, such as binder burn out porosities or inclusion porosities might be 
the reason for the defects. 
Within the materials received ready for testing, lower flexural strength was recorded for 
GCZ2 (Tosoh powder processed by Glidewell and Cold isostatically pressed), GCZ3 
(Tosoh powder processed by Glidewell and slip cast) and GL (Lava powder processed by 
Glidewell) . The lower flexural strength for GL could be attributed to surface defects that 
were identified under SEM analysis. These defects might be the result of manufacturing 
flaws while trying to press the binder free powder. For GCZ2 and GCZ3 materials, the 
wide range of variability in the flexural strength resulted in a low Weibull modulus. The 
low Weibull modulus mirrors unevenly distributed flaws throughout the bars which have 
resulted in lower flexural strength values. 
In regard to the effect of location in the block, a trend was almost always observed for 
the different materials tested: Bars from the center of the block had a higher flexural 
strength than the periphery bars, and the lowest flexural strength was recorded for the 
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comer bars. Statistical analysis of the data of the materials processed at Boston 
University showed that bars originating from the center of the block had significantly 
higher flexural strength than bars originating from the comer area. Warping was observed 
in bars originating from the comer areas of TZ-3YSB-E powder, uniaxially pressed at 
Boston University [XU] and TZ-3YSB-E powder , isostatically pressed at Boston 
University [XC] after full sintering. No warping was observed in bars from the center 
area. The lower flexural strength values of the comer bars might be due to differences in 
densities between the center and comer of the blocks. Warping might be due to 
differences in longitudinal densities between the center and opposite ends of each bar. 
The highest load applied might be at the center area of the block (Longitudinally or 
transversally), therefore the center of the block is denser than the comer area and the 
center of the bar is denser than the opposite ends. Moving away from the center area of 
the block, the density drops. So if large blocks are processed, periphery bars may not be 
sufficiently dense to produce high strength zirconia bars. 
These differences should be taken in consideration as technicians may try for economical 
reasons to cut as many crowns as possible from each block, involving many peripheral 
areas. 
With a limited amount of specimens collected from the comer area in comparison to the 
center and periphery area, borderline significant differences were found between the 
regions. It can be assumed that the difference would have been more significant if we had 
a larger number of samples from all 3 regions in the block. 
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Overall, we noticed that with limited training and skills, Y-TZP blocks could be 
processed in a university research laboratory. The flexural strength results for the blocks 
processed experimentally at Boston University (XU) and (XC) are similar if not higher 
than the flexural strength of commercially available materials. 
Although there was no significant difference in the flexural strength of bars pressed by 
different techniques, there was a trend for cold iso-pressed bars to have higher flexural 
strength than uniaxially pressed bars. The pressure applied around the block might be 
evenly distributed in iso-pressing and result in an evenly dense and stronger block than in 
uniaxial pressing. But the difference was not significant despite the more laborious 
process of iso-pressing compared to uniaxial pressing. 
Above a critical grain size, Y -TZP is less stable and more susceptible to tetragonal to 
monoclinic transformation whereas smaller grain size (<1 µm) are associated with a 
lower transformation rate [24]. The grain size for the different materials ranged from 0.2-
0.49 µm, and no correlation was found between grain size and strength. 
Cyclic loading and a humid environment for in vitro testing would represent a closer 
resemblance to the condition in the oral cavity. However, the static load applied in this 
study provides a base for initial comparison between the tested materials and test 
variables. 
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There were other limitations in this in-vitro study, including: 
Not all the specimens were prepared according to the ISO specification for preparation of 
specimens for brittle ceramics. 
Different Y-TZP materials had different block dimensions, which made it impossible to 
standardize the dimensions of all bars, in particular the comer and periphery specimens in 
comparison to the center specimens. Also, some bars were polished and 44 mm long 
while the rest of the groups were 25mm long and non-polished. Factors including 
dimension, span, and surface finish, which are known to affect the mean and the 
distribution of strength values of dental porcelain, should be standardized to optimize 
future studies. 
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Conclusions 
Within the limitations ofthis in-vitro study, the following conclusions were drawn. 
1) Significant differences were observed in the flexural strength and Weibull modulus 
among the tested Y-TZP materials. 
2) Pressing binder free zirconia powders is a viable option. 
3) The mean flexural strength of Y-TZP bars from the comer of the blocks was lower 
than bars from the center of the blocks (P=0.046). 
4) The pressing method, cold uniaxial vs. isostatical had no significant effect on the 
flexural strength of Y-TZP. 
5) No correlation was found between zirconia grain size and flexural strength with the 
material tested. 
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